Background and objectives: All glomerular filtration rate (GFR) estimating equations have been developed from crosssectional data. The aims of this study were to examine the concordance between use of measured GFR (mGFR) and estimated GFR (eGFR) in tracking changes in kidney function over time among patients with moderately severe chronic kidney disease.
T he glomerular filtration rate (GFR) is considered the best available index of kidney function in health and disease (1) . GFR can be measured by clearance techniques involving endogenous (e.g., creatinine and urea) or exogenous (e.g., inulin, iohexol, and iothalamate) filtration markers, with the latter considered to be the gold-standard approach (2) . Unfortunately, clearance measurements are both cumbersome and costly; thus, in clinical practice, GFR is often estimated based upon the serum creatinine concentration. Numerous GFR estimating equations have been developed, the most widely used of which was derived from the Modification of Diet in Renal Disease (MDRD) Study (3, 4) .
Essentially all GFR estimating equations have been developed from cross-sectional data and perform well when used to classify individuals at single points in time, particularly for levels of GFR less than 60 ml/min per 1.73 m 2 (3, (5) (6) (7) (8) (9) . Ideally, these equations could also be used to monitor GFR changes over time in research and clinical practice. However, the validity of these equations for longitudinal application has not been sufficiently examined. Temporal changes in factors influencing creatinine production (e.g., muscle mass and dietary intake) and renal creatinine handling (e.g., tubular secretion), or extra-renal elimination (e.g., antibiotics) potentially further limit the accuracy of estimating equations or serum creatinine used alone as a filtration marker when applied over time (10) . Understanding this potential limitation is of particular importance for two reasons: 1) the movement toward standardized reporting of estimated GFR (which may lead clinicians to draw longitudinal comparisons), and 2) the use of estimated GFR as an outcome measure in studies of preservation of kidney function.
The MDRD Study is one of only a few trials that tracked decline in kidney function longitudinally in a population with chronic kidney disease (CKD) with measurement of GFR. Thus, data from this study provide a context in which to assess the longitudinal performance of GFR estimating equations. We undertook the following study: 1) to examine and characterize the correspondence between changes over time in measured GFR (mGFR) and estimated GFR (eGFR) and 2) to identify factors that may influence the relationship between longitudinal changes in mGFR and eGFR.
Materials and Methods
The MDRD Study was a randomized, multicenter, 2 ϫ 2 factorial design clinical trial of protein intake and blood pressure control among patients with moderate to severe nondiabetic CKD. Two separate studies were conducted: Study A included subjects with initial mGFR 25 to 55 ml/min per 1.73 m 2 , and Study B included subjects with initial mGFR of 13 to 24 ml/min per 1.73 m 2 . We report on Study A participants whose kidney function levels represent a broad segment of the population with CKD. The MDRD Study was conducted between 1989 and 1994. Specifically, this analysis considers data from the 542 MDRD Study A participants who had two or more contemporaneous assessments of mGFR and eGFR. The recruitment lasted 21 mo at the end of which subjects had 1.5 to 4 yr of anticipated follow-up. Details on the design, baseline characteristics of study participants, and the primary results have been published previously (11) . Kidney function was determined by urinary clearance of 125 Iiothalamate (mGFR) at months 0, 2, 4, postrandomization, and every 4 mo thereafter. The mGFR was adjusted for the body surface area (which was updated with each GFR measurement) as follows:
mGFR ϭ (iothalamate clearance)/body surface area/1.73m 2 )
Other serum and urine biochemical markers were collected each time mGFR was measured. For the purposes of this study, eGFR was calculated using the 4- 
Statistical Analysis
Definition of GFR slopes. Earlier research from the MDRD Study suggested that the mGFR slope differed between the 4-mo period immediately following randomization and subsequent follow-up (attributed to an acute effect of study treatment regimens) (11, 12) . We therefore chose to model the slope of mGFR and eGFR from 4 mo on (chronic phase) in these analyses, given that long-term changes in GFR bear greater clinical relevance to the majority of patients with CKD.
Analysis was restricted to the 3555 contemporaneous assessments of mGFR and eGFR during the chronic phase; measurements of either mGFR or eGFR not accompanied by the other were not included. For each subject, a linear regression model of time on mGFR was created, and the slope of the regression line was used to estimate that subject's change in mGFR over time. An analogous procedure was used to define each subject's eGFR slope.
Comparison of eGFR and mGFR slopes. Estimated GFR slope was compared with mGFR slope both with respect to bias and precision. Bias (i.e., systematic differences in estimates) was assessed by comparing average slopes at the group level (e.g., mean mGFR slope versus mean eGFR slope across subjects). Given the potential interplay among levels of dietary protein, protein metabolism, creatinine production, and serum creatinine, analyses were stratified based on protein intake group assignment.
Precision of the difference between eGFR slope and mGFR slope was analyzed in two ways. First, the correlation between mGFR slope and eGFR slope was examined graphically (by scatter plot) and by calculation of Pearson correlation coefficients. Given that the intrasubject accuracy and precision of slope estimation are dependent, in part, on the time interval over which measurements were available, these analyses were further stratified according to subjects' follow-up time (Ͻ2 yr and Ͼ2 yr). Second, the intrasubject difference between mGFR slope and eGFR was calculated, and the distribution of this difference over the cohort was examined graphically and via summary statistics.
Analysis of predictors of the difference between eGFR and mGFR slopes. We explored how various clinical factors were related to differences in mGFR and eGFR slope. Twenty-two baseline candidate predictors were considered, including: demographic factors (age, race, gender), comorbid disease states (hypertension, edema, tobacco use, vascular disease), treatment group assignment (protein intake, blood pressure target), anthropometric data (body mass index, body surface area, triceps skin fold thickness, subscapular skin fold thickness, percent body fat), and biochemical data (albumin, hemoglobin, serum creatinine, cholesterol, triglyceride, urine urea nitrogen, urine protein, urine creatinine).
Estimation of the predictors of the average difference between mGFR and eGFR slopes for each subject is made more challenging by complexities in the variance structure. For example, slope estimates are more precise for subjects with a greater number of measurements taken over a longer period of time. To address this problem, we used Generalized Estimating Equations (13) in which we used exchangeable working correlation structure in the marginal models. This method takes into account the varying amount of information provided by each subject as well as the correlation of measurements within a subject. Measured GFR slopes were modeled as a function of predictors using a series of models, which included a term for the linear effects of time, a main effects term for the covariate of interest, and a two-way interaction term for that variable and time. For example, in the case of gender:
In this case, ␤ 3 represents the difference in observed mGFR slope (over time) in male versus female subjects. An analogous series of models was fit for eGFR. Extending the example of gender:
Longitudinal MDRD eGFR vs iGFR␤ 3 Ј represents the difference in eGFR slope over time observed between male and female subjects. We defined delta (␦) as the difference between ␤ 3 and ␤ 3 Ј, which in essence represents the differential effect of a given predictor variable (in this case gender) on mGFR versus eGFR trend. In the case of gender, a negative value of delta would indicate that male subjects exhibited a more negative slope for mGFR than eGFR. For continuous variables (e.g., BMI), delta represents the relative difference in mGFR versus eGFR slope per unit change (e.g., per 1 kg/m 2 ). To calculate variance estimates and confidence intervals for delta, we used bootstrapping with replacement (minimum, 1000 replications) (14) . All analyses were performed using STATA 8.0 (College Station, TX).
Results

Summary of Study Subjects
For all subjects, the median follow-up time was 2.6 yr. During the chronic phase (month 4 and after), there were 3555 contemporaneous measurements of mGFR and eGFR among 542 subjects. The median number of GFR measurements per subject was six. Selected demographic and clinical factors measured at baseline are shown in Table 1 . Sixty-two percent of the patients were male; 85% were white; mean (SD) age was 52.1 (12.0) years.
Distribution of mGFR and eGFR Slopes over Time
The distributions of mGFR slope and eGFR slope are shown in Figure 1 . Overall, eGFR tended to underestimate the (negative) magnitude of mGFR slope. The mean (SD) of measured GFR slope was Ϫ3.9 (7.2) ml/min per 1.73 m 2 per yr; the mean (SD) eGFR slope was Ϫ2.8 (7.1) ml/min per 1.73 m 2 per yr, representing, on average, an underestimation of 28%. Neither stratification by assignment to usual versus low protein group nor the presence of polycystic kidney disease significantly altered these distributions (data not shown).
Correlation between mGFR and eGFR
Scatter plots of mGFR slope versus eGFR slope are shown in Figure 2 . Overall, the Pearson correlation coefficient was 0.83. However, excluding three outliers with implausible values of GFR slope (absolute value of GFR slope Ͼ 50 ml/min per 1.73 m 2 per yr), the coefficient was reduced to 0.69; thus, 48% (0.69 2 ) of the variance in observed eGFR slope could be explained by a linear relationship to mGFR slope. No differences in correlations were observed between subjects with less than and greater than 2 yr of follow-up: r ϭ 0.66 and 0.70, respectively. However, reflecting greater precision when slope was estimated over a longer time period, the SD of the difference between eGFR slope and iGFR was 6.9 ml/min per 1.73 m 2 in those with less than two years of follow-up and was 3.2 ml/ min/1.72m 2 in those with more than 2 yr of follow-up.
Difference between mGFR and eGFR
The distribution of the within-subject difference between mGFR slope and eGFR slope is shown in Figure 3 . Overall, mGFR slope and eGFR slope were within 2 ml/min per 1.73 m 1%. Estimated GFR slope underestimated the mGFR decrement in 29.6% of subjects (i.e., difference Ͻ Ϫ2 ml/min per 1.73 m 2 per yr), whereas it overestimated mGFR decrement (i.e., difference Ͼ2 ml/min per 1.73 m 2 per yr) in 12.2% of subjects. Assignment to nutritional group and polycystic kidney disease did not materially alter these distributions (data not shown).
Predictors of the Difference between mGFR and eGFR Slopes
Generalized Estimating Equations with bootstrap replication were used to identify clinical factors associated with the difference mGFR and eGFR slope ( Table 2 ). Among 22 candidate predictors, none predicted a systematic difference between eGFR slope and mGFR slope at conventional levels of statistical significance.
Discussion
Use of estimating equations to track longitudinal changes in GFR is desirable for both clinical and research purposes provided that eGFR change offers a valid estimate of true (measured) GFR change. Data from the MDRD Study A permitted examination of the concordance between longitudinal mGFR and eGFR changes. On average, eGFR slope underestimated mGFR slope by 28%, and there was a wide distribution of the within-subject difference between eGFR and mGFR slopes. More than 40% of subjects had an mGFR slope that differed from the eGFR slope by Ն2 ml/min per 1.73 m 2 per yr (more than half of the average mGFR decrement of Ϫ3.9 ml/min per 1.73 m 2 per yr). We were unable to identify any variables that predicted a systematic difference between average mGFR slope and eGFR slope. To illustrate the clinical importance of the bias we detected in the eGFR slope, we offer the hypothetical example of a patient with a true GFR of 40 ml/min per 1.73 m 2 and constant annual decrement of 3 ml/min per 1.73 m 2 . This patient would be expected to reach a GFR of 10 ml/min per 1.72 m 2 (corresponding to kidney failure) in 10 yr. However, if eGFR slope underestimated the decrement in true GFR by 1.1 ml/min per 1.73 m 2 per yr, the predicted time horizon would erroneously be 60% longer, or 16 yr.
Our findings that the eGFR slope provides a biased estimate for mGFR slope on the group level confirm and extend prior findings from other studies. Data from the African American Study of Kidney Disease and Hypertension (AASK), which enrolled African American subjects with hypertensive nephropathy and baseline mGFR between 20 (17) .
In contrast, data from the Consortium for Radiologic Imaging Studies of Polycystic Kidney Disease study (which enrolled patients with polycystic kidney disease and normal baseline GFR) suggested that eGFR slope overestimated the decline in mGFR by 1.5% per year (Ϫ3.0 versus Ϫ1.5% per year) (10) . It is unknown whether the discrepancy (i.e., eGFR overestimating rather than underestimating the change in kidney function) resulted from biologic differences among patients with polycystic kidney disease, was dependent on the higher baseline kidney function (where estimating equations are less precise), or resulted from other factors. In the present analyses, the differences among mGFR and eGFR slopes were similar among subjects with and without polycystic disease (although these analyses may have been underpowered).
In addition to the bias, we observed substantial deviations between eGFR slope and mGFR slope. These deviations reflect a combination of 1) variability in mGFR slope resulting from measurement error in the GFR assay, 2) variability in eGFR slope due to measurement error in serum creatinine, and 3) variation between true GFR slope and the "true" eGFR slope that would have resulted if serum creatinine were measured without error. We did not attempt to formally decompose the total variation of the differences between eGFR slope and mGFR slope into these three components, in part, because of the unavailability of repeat measurements of mGFR within a narrow time interval (e.g., within several days) that would have been required for a definitive assessment of the measurement error in mGFR. Reports of substantial within-patient error variances in longitudinal analyses of suggest that a substantial portion of the deviations between eGFR slope and mGFR slope may indeed be due to measurement error in mGFR (5, 15) . Nonetheless, we do find the large deviations between eGFR and mGFR slope to be particularly notable given that the MDRD Study equation was developed in this population, and these findings probably represent an upper limit of its performance abilities. Measured and estimated GFR slopes differed by more than 2 ml/min per 1.73 m 2 per yr in 41.8% of subjects studied. This degree of imprecision is very large compared with the expected annual decrement among patients with stage 3 CKD, which is expected to be in the range of 1.4 to 3.9 ml/min per 1.73 m 2 based on this and other published studies (18, 19) . The imprecision of estimated slope should also be viewed relative to the expected magnitude of strategies that aim to preserve kidney function (20 -22) , which may be substantially lower.
Among the 22 variables studied, none predicted a systematic difference between mGFR slope and eGFR slope. On the one hand, this indicates that despite of an overall systematic bias of eGFR slope, both eGFR slope and mGFR slope exhibited similar relationships with many baseline variables, consistent with a similar finding reported in the AASK Study (19) . On the other hand, our data do not permit identification of subjects for with a smaller bias in eGFR slope relative to mGFR slope.
Several important limitations in the current study should be noted. First, the MDRD Study A population was preponderantly white and contained very few subjects with diabetes compared with the overall population with CKD. Moreover, all subjects included in this analysis had baseline mGFRs between 25 and 55 ml/min per 1.73 m 2 . Thus, caution should be taken in generalizing results to other populations, including those with greater or lesser degrees of kidney function. Second, data were collected in the context of an ongoing clinical trial, and all measurements were made at a centralized laboratory. Although this avoided any concerns related to the calibration of creatinine measurements, our findings probably represent an upper limit of the performance of eGFR (and mGFR) measured longitudinally. Third, this analysis considered only creatininebased GFR estimating equations. Some (23), but not all (24) , recent cross-sectional data suggest that equations based on other filtration markers (i.e., cystatin C) may yield more accurate GFR estimates than those based on creatinine. One small, preliminary study suggests that longitudinal assessments of eGFR using cystatin C may be superior to creatinine-based estimates (16) . Additional study is needed to confirm and validate these findings. Fourth, the relative health of participants in the MDRD Study constrained variability among many of the candidate predictors of mGFR-eGFR difference and limited our ability to fully explore them as candidate predictors.
In conclusion, on average, eGFR slope systematically underestimated mGFR slope by approximately 28%. Although eGFR and mGFR exhibited similar relationships to 22 baseline variables, the overall bias seen in the full cohort suggests that clinicians and researchers should exercise caution when interpreting eGFR slope as a marker of progression of kidney disease.
